A multi-band photoelectric photometer for observations in the ultraviolet, blue and visible and the infrared bands W (1*06/mi), X (1*13//.m), Y (1-63 jum) and Z (2-21 /xm) has been constructed and applied to both stellar and planetary observations.
T he photometer
During the last few years techniques for observation at infrared wavelengths have greatly improved. In particular the development of multi-layered interference filters for the infrared region now permits one to isolate narrow well-defined spectral bands centred on almost any desired wavelength. O f equal importance has been the rapid growth in solidstate electronics technology and components. These developments result in a great sim plification of the photometer electronics and recording system and contribute substantially to the stability and over-all accuracy of the observations.
The photometer employed here is a dual-channel instrument using a 1P21 photo multiplier tube for observations in the ultraviolet, blue and visible and a lead sulphide detector for the near infrared. Both detectors are cooled by a slurry of dry ice in freon. Filters of Corning and Schott glasses are used for ultraviolet, blue and visible, while multilayed interference filters are used in the infrared.
An important feature of the photometer is the conical blackbody cavity mounted in the Cassegrain adaptor section. This cavity may be operated at any closely regulated tem perature in the range from ambient to 500 °K. All the infrared observations were referenced to this blackbody source, thus making possible a direct determination of the absolute value of the radiation flux incident at the focal plane of the telescope. Table 1 summarizes the pertinent features of the photometer and defines the infrared magnitudes W ,X , Y and Z. The column headings are the * effective wavelength ', Ae, of the normalized filter-detector response; its equivalent width, and the absolute response in terms of the spectral irradiance H(X) for a star of zero magnitude. Details of the photo meter design and performance, reduction of the observations, and absolute calibration of the spectral bands have been given by Walker (1966) . 
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T able 1. C haracteristics of the photometer, and calibration in terms OF THE SPECTRAL IRRADIANCE H(X)
FOR
THE OBSERVATIONS
Observing sessions, each extending from 1 to 3 weeks in duration, were carried out in October, Novem ber and Decem ber 1964, and in M arch and A pril 1965 , with the photo m eter at the straight Cassegrain focus of the 61 in. telescope at Agassiz Station, H arvard, Massachusetts. A total of 15 nights, or partial nights, of good photom etric quality occurred during the above sessions. T he results discussed here are based upon the photom etry obtained on those nights.
T he magnitudes and colours observed for 61 stars are sum m arized in table 2. T he observations are principally of stars of late spectral type, only ten with spectra earlier th an the Sun being included. Entries in the table need little elaboration. T he spectral types are on the revised M K K system where possible; however, m any late type stars have not been reclassified. T he colours and magnitudes tabulated are corrected to the top of the atm o sphere and, for the ultraviolet, blue and visible are reduced to the system of Johnson & M organ (1953) . T he final column, which is headed 'n u m b er', gives the num ber of occasions on which the star was observed. In most cases this refers to different nights; however, the stars ot Aur, oc T au, ft Cnc, and cc Boo were often observed bo in the night as a check on the constancy of the atm osphere and to serve as a means of intercom parison of observations. All stars were observed on at least two occasions with the exception of kC et, 11 Leo M inor and H R 36395. A m inim um of two observations wa m ade in each colour on each night and the results were averaged. Table 3 presents the observations reduced to absolute spectral irradiance observed at the effective wavelength of the system response. Although the data are tabulated to three figures, the third is not considered significant. The values listed for 0*36, 0-44 and 0-56/zm were calculated from the calibrations given in table 1 and the observed m agnitudes and colours, while the infrared values result from a direct reference to the blackbody radiation source. In actual operation at the telescope the blackbody source was operated at a carefully controlled tem perature, T = 402 °K, and considered the fundam ental reference. Any deviations from the m ean recorder deflexion observed on this reference were a ttri buted to short-term variations in the photom eter absolute response. The measured m agni tudes were corrected for these variations in the data reduction process. For ultraviolet blue and visible a check on the constancy of the zero point of the photom etry was m ade by frequent observation of a tritium -activated phosphor mounted within the photom eter.
Calibration of the visible m agnitude in terms of absolute radiom etric quantities has been discussed by W alker (1964) from consideration of the solar irradiance as given by Goldberg & Pierce (1959) , the published response curve of Johnson (1955) , and the visual magnitude of the Sun as deduced by Martynov (1959) from the data of Stebbins & Kron (1:957) . A value for the spectral irradiance at the top of the atmosphere H(A) of / / ( 0-56/nn) = 3*72 x 10~12 W c m^/m r-1 was derived for a star of V = 0*0 mag. This value, which is adopted here, is 2 % lo than that determined by Willstrop (1958) from direct comparison of the irradiance of a large number of stars to a standard lamp, and 5 % lower than the value recently published by .
The accuracy of the absolute calibrations in the infrared region are difficult to estimate. Temperature fluctuations of the blackbody cavity probably represent one of the largest sources of error. An estimate of the magnitude of this effect was obtained by repeated cycling of the cavity over the temperature range from 400 to 500 °K. Copper-constantan thermocouples were placed at various points in the cavity and referenced to a 0 °G ice bath. The equilibrium temperature reached at the end of each cycle was recorded. The maximum variation observed was IT °K. This temperature error amounts to a 4-9 % error in the radiance at 2-21 [xm. The r.m.s. deviation of the temperature from the equilibrium value was 0-40 °K, which corresponds to a 1*8 % error in the radiance.
A check on the internal consistency of the calibrations can be made by comparing the relative spectral fluxes predicted by the calibration equations to known spectra. Table 4 shows such a comparison for an A0 V star. The values in the second column were obtained from the calibration equations with W -X -V . The values in column were obtained from graphical interpolation of the spectral distribution of emergent flux from Strom's (1964) Errors in the measurement of the geometrical parameters pertinent to calculation of the blackbody flux will contribute to the over-all error; however, these are estimated to be less than 2% . A greater unknown is the effect of aged and contaminated surfaces of the telescope optics. The reflexion from two freshly aluminized mirrors was included in laboratory calibrations of the photometer in an attempt to simulate the telescope optical path. It was not possible, however, to duplicate the actual condition of the telescope optics, nor was any attempt made to measure the infrared transmission of the telescope.
An estimate of the accidental errors of measurement including the errors in the correction for atmospheric extinction can be obtained from the reproducibility evidenced in a large number of observations of a single star. Measurements of this type obtained under a wide variety of atmospheric conditions indicate that the probable error of measurement is 0m,017 in U-B, 0m*016 in B-V and 0m,040 in W , , Y and Z. Consideration of the above remarks, together with the high degree of reproducibility of the stellar observations over a long period of time, lead one to the conclusion th at the calibrations are good to within 10% in the infrared region.
It is desirable to establish the relationship between the present infrared photometry and that obtained previously by other authors. Figure 1 relates to the V -K index of Johnson (1964) 
which shows a zero point shift similar to (1).
Only seven stars of the present photometry are to be found in the list observed by Lunel (i960). These stars are plotted in figure 3 
(4) Table 5 shows a comparison between the infrared colours observed for Tau, Ori, H Gem and o Cet with those calculated from the balloon spectra of Woolf, Schwarzschild & Rose (1964) . Values for both their detectors A and B are given. The infrared indices were found by numerical integration of their published spectra weighted by the appropriate filter-band spectral response function, the zero point of the calculated colours being determined by their spectrum of o cC Ma. The agreement between th calculated colours, while not good is considered satisfactory. No systematic errors are indicated and the differences are of the same order as was evident when intercomparing the two detectors. The calculated colours of oc Ori and 0 Cet cou necessity to extrapolate their spectra to short wavelengths. 
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Bolometric corrections m ay be derived from the observations by integration of the spectral energy distributions defined by the m onochrom atic irradiance values given in table 3. T he reduction equation as given by W alker (1964) 
where the integral
is evaluated in w ave-num ber units n = l/A pm -* for better convergence in the infrared region, /(O ) = /(*) evaluated for the Sun using the data of Goldberg & Pierce (1959) The spectral type-bolom etric correction relation is given in table 6. The data presented here are means of the quantities given in table 2. Since the num ber of stars is small the means may not be highly significant and thus the relation in table 6 is poorly defined. Comparison with the data of W alker & D ' Agati (1964) shows the new values to be some what larger for spectral types later than K 4 III. This increase is attributed to the new photometry at 1-63 pm. Comparison with Johnson (1964) , after correction for zero point, shows good agreement.
It is well known that for stars of solar type and later the m ain source of opacity is •> M dwarf; x, carbon stars; □, supergiant.
probably due to the negative hydrogen ion. The absorption coefficient of H~ exhibits a pronounced minimum at l-65jum; thus one may expect the stellar flux distribution to show a maximum in this region. This maximum is evident to a small degree in the solar spectrum, is a pronounced feature in the spectra of A ldebaran obtained by Woolf et al.
(J9^4) with their balloon-borne telescope, and becomes the dom inant spectral feature in the model atmospheres developed for cool stars by Gingerich & K um ar (1964) . Observa tions of late-type stars in the 1-65/xm region can thus be expected to provide information that bears directly on the problem of the opacity of late stellar atmospheres. scattering from molecular and atomic hydrogen. The model atmosphere for an AO V star due to Strom (1964) was used to determine the zero point of the calculated infrared colours. The clustering of the observations along the line defined by the model calculations is interpreted as observational support of the model predictions.
Measurements of absolute stellar irradiance when combined with results of model atmosphere calculations offer a simple photometric technique for estimating stellar diameters. Consider a flux of ttFx at the surface of a star of radius R. If, following Irwin (1962) , we relate the intensity Ja t a point on the stellar disk characterized b angle y to the intensity J c at the centre by the equation
then the irradiance Hx observed at a distance d from the star will be given by
The quantity a = 2Rjd is the angular diameter of the star, and x is the coefficient of limb darkening.
To the degree of approximation implied by (7), equation (8) may be solved for a by using Hx from table 3 and Fx and x from the model atmosphere. The models employed here are those due to Gingerich (1964) , private communication, referred to above, and include calculations of limb darkening. His calculations were fit to equation (7) and the darkening coefficients determined.
Application of the method has been restricted to the infrared at 2-21 jum for a number of reasons. First, in order to apply the method, one must assume an effective temperature for the star. This was done by using the spectral classification of the star and the spectral typetemperature relationship of Harris (1963) . Such a procedure will result in a temperature with an uncertainty on the order of a few hundred degrees. This uncertainty will introduce an error into a through the calculated flux Fx. The magnitude of this effect can be seen in table 7, where the percentage error introduced into a due to an uncertainty of 100 °K is given for several effective temperatures and wavelengths. As can be readily seen, the solution at 2-21 /xm is one-third to one-quarter as sensitive to temperature variations as that in the visual. 7-1 5-9 4-7 1-6 4200 10-8 8-9 7-1 2-3 3200 18-9 15-5 12-3 3-2 Secondly, present model atmospheres for late-type stars do not take into account the additional opacity in the short wavelength region due to molecular bands. It is well known that in the early M stars the great number and strength of the molecular bands have depressed the continuum far below its expected value (Aller i960) . Use of existing model atmospheres to predict the flux of radiation at wavelengths in the ultraviolet, blue or visible can therefore be expected to lead to large errors in The situation is considerably improved in the infrared at 2-21/xm, at least for stars earlier than about M 4 where absorption by the H 20 molecule first becomes im portant. The principal molecular absorber in this region is the Av = 2 vibration-rotation band of CO. This band absorbs at wavelengths beyond its band head at 2*30 /xm (McCammon, M unch & Neugebauer 1967) and thus has little effect on measurements in the Z filter band. Indeed, the influence of C 0 absorptions should be negligible for stars earlier than about M 0.
Consideration of the expected degree of limb darkening for late-type stars provides a third reason for choosing the infrared region for making photometric measures of stellar diameters. The limb darkening calculations of Gingerich (1964) , private communication, show that for the range of temperatures considered here, the limb darkening term of equation (8) can am ount to 20 % of oc in the visible portion of values at 2-21 /xm lie in the range of 5 to 12 %.
Finally, observation of the stellar irradiance is affected by extinction in the E arth 's atmosphere. Table 8 shows two extremes of extinction observed at the Agassiz Station of Harvard Observatory (Walker 1966) . It is clear that the extinction at Z is on the order of a factor of two less than at V. The situation becomes even more favourable in the infrared at a dry, high altitude observatory; since, as may be seen from the tabulated values of the aerosol component of extinction kz> ai a large part of the extinction at Z is due to Atmo spheric water vapour.
T able 8. Extremes of extinction observed at A gassiz Station, H arvard, M assachusetts
The dimensions of ka re magnitudes per unit air mass. The final column gives the water-vapour con precipitable cm. Angular diameters calculated from (8) and based upon observations at 2-21 /xm are given in table 9 for stars later than G 5 III. An indication of the accuracy of the method can be had by comparing the radiometric diameters oc with those measured by inter ferometric techniques. Table 10 shows this comparison for six stars with measured angular diameters. The auxiliary quantity oce is the radiometric diameter which would be derived for an undarkened star (x = 0). The calculation for C M a was based (1964) model with no correction made for darkening.
Knowledge of the angular subtent of the star, its bolometric correction and V magnitude is all that is required to determine its effective tem perature Te. From the definition of T , we may write relative to the Sun, ©, (11 A comparison of the effective temperatures derived from equation (11) and the data from table 2 with fundamental temperatures quoted by Harris, Strand & Worley (1963) is given in table 11. The agreement for a Boo and T au is considered satisfactory. The known variability of 0 Cet's tem perature makes a comparison difficult. The observations were obtained just past m inim um ; therefore, temperatures on the low side seem reasonable. Both oc Orionis and /? Pegasi are affected by interstellar reddening. The agreement appears good for oc O ri; however, the /? Peg value of 3410 °K is more in line with a recent deter m ination of 3300 °K by Johnson (1964) . Table 9 summarizes the results of applying (8) and (11) to the data of tables 2 and 3 for all stars later than G 5 III. Values tabulated for the stellar radii relative to the solar radius R /R 0 are based upon parallax data obtained from the Yale Bright Star Catalogue. Radii enclosed in parentheses are for stars with parallax less than 0*005. The derived mean spectral type-tem perature relationship is presented in table 12 where it may be compared with Harris et al. (1963) 'revised scale' and the recent determination of Johnson (1964) . The variation of effective temperature with the infrared index is shown in figure 7 . The point at W -Z = 3 is the variable R Leporis. It appears abnormally red and in the b.c. V -Z relationship (see table 2 ). The best straight line fit to the data, omitting R Lep, is given by log107; = 3*854 -0*221 ( .
I f extrapolated to higher temperatures, this line passes close to the point O plotted for the effective temperature of the Sun and (W -Z )Q determined for a star o f 'mean solar type'. The dashed curve is the locus of W -Z colours for a blackbody at tem perature = The observed colours lie in general to the red of the blackbody curve, corresponding very roughly to an infrared colour temperature Tc -0*897^.
The stellar temperatures derived above depend critically upon the accuracy of the bolometric corrections and angular diameters determined from the observations. To derive bolometric corrections from integration of the stellar spectral energy distribution, one must interpolate the spectrum over relatively wide regions in the infrared where observation is not possible owing to absorption by atmospheric water vapour and carbon dioxide. Such a technique will not be subject to large errors if the stellar spectrum is a smooth function over the interval in question. This appears to be the case for giants earlier than about M 4, where molecular absorptions due to stellar water vapour first become observable (see Woolf et al. 1964; Spinrad & Newburn 1965) . The stro rotation bands of H 20 at 1-37 and 1-87 jum rapidly increase in strength with late spectral type. These strong absorption features, which are greatly broadened at stellar tempera tures, coincide in wavelength to the Earth's atmospheric absorption bands; therefore, interpolation across these bands will lead to an overestimate of the bolometric correction for late spectral types. An extreme example is 0 Cet. The balloon spectra of Woolf (1964) show that the water-vapour absorptions remove approximately 30 % of the total emergent flux. Taking this reduction of flux into account reduces the bolometric correction by 0*39 mag and decreases the effective tem perature by 9-2 % (180 °K).
The angular diameters are sensitive to the absolute calibration of the photometer and the absolute value of the emergent flux at the surface of the star calculated from the models; a 10% error in either quantity resulting in a 5 % error in the derived radius. Recent models for late-type stars constructed by Gingerich, L atham & Linsky (1966) show that although the flux at 2-21 pm is relatively insensitive to the tem perature and composition of the model, it is sensitive to the luminosity class of the star. T heir data indicate a 40 % increase in the 2*21 pm flux for a change in surface gravity from log10g = 3 to log10g = 1 at constant Te = 2500 °K. Inclusion of water-vapour absorption in these models does not appreciably alter the flux at 2*21 pm (Gingerich & Linsky 1966, private communication) .
The temperatures given in table 9 are for luminosity class I I I and spectral types M 4 and earlier. Thus, they are free of the effects of strong molecular absorptions in the infrared as well as the effects of low surface gravity. This same statement applies to most of the data in table 8; however, stars later than M 4 and of luminosity class different from III can be expected to have greater uncertainties in the derived temperatures and angular diameters. The values for used in the calculation were taken from atmospheres with logiog = 3. If, according to Aller (i960) , the surface gravity of a giant star decreases with decreasing tem perature, then the angular diameters derived here will be systematically too large at the later spectral types.
The prim ary reason for the photometry at 1-13 pm was to attem pt a photometric determination of water-vapour in the atmospheres of late-type stars. Twelve stars with spectral type later than M 4 I II were observed specifically for this purpose. Six stars were in the lists observed by Spinrad & Newburn (1965) and Spinrad, Pyper, Newburn & Younken (1966) ; and four were observed by Woolf et al. (1964) to show measurable watervapour absorptions. The present photometry could detect no reduction of intensity in the X filter band attributable to stellar water-vapour absorption. This was due, in part, to the increased uncertainties introduced into the measurements by extinction corrections for atmospheric water vapour; and, in a larger part, to the loss in sensitivity of the measurement due to an excessive spectral bandwidth passed by the X band filter. The carbon stars, Y G Vn and B1 Ori, did show a marked reduction of intensity in the X band. This is attributed to absorption by the IT pm band of the CN molecule. Spectra of these stars taken in the photographic infrared by M cKellar (1954) clearly show the CN bands beginning at about 1-09 pm and increasing in intensity toward longer wavelengths. These observations support the suggestion of Solomon & Stein (1966) that the peculiar energy distributions for the carbon stars observed by Johnson, Mendosa & Wesniewski (1965) are due in part to absorptions by GN and C2. Indeed the C2 band at 1*21 pm would have a strong effect on the response in the X filter band. 
